The genetic and molecular analysis of the Notch locus, which codes for a transmembrane protein sharing homology with the mammalian epidermal growth factor, suggests that the Notch protein is involved in a cell interaction mechanism essential for the differentiation of the embryonic nervous system of Drosophila. Taking advantage of the negative complementation between two Notch mutations that affect the extracellular domain of the protein, we have tried to dissect the genetic circuitry in which Notch is integrated by searching for genes whose products may interact with the Notch protein. This genetic screen has led to the identification of a surprisingly restricted set of interacting loci, including Delta and mastermind. Like Notch, both of these genes belong to a group of loci, the neurogenic loci, which have been previously identified by virtue of their similar mutant phenotype affecting early neurogenesis. We extend these studies by systematically exploring interactions between specific mutations in the Notch molecule and the other neurogenic genes. Furthermore, we show that the molecular lesions of two Notch alleles (nd and nd2), which interact dramatically with mastermind mutations, as well as with a mutation affecting the transducin homologous product of the neurogenic locus Enhancer of split, involve changes in the intracellular domain of the protein.
In our efforts to elucidate the molecular mechanisms underlying the decision of an embryonic ectodermal cell to follow a neural versus an epidermal pathway, we have been studying a group of loci, known as the neurogenic loci, which affect this developmental process (Artavanis-Tsakonas 1988) . A fundamental issue in the molecular analysis of any such process concerns the complexity of the genetic circuitry governing it. How many of the neurogenic loci revealed by mutational studies to affect the differentiation of the early ectoderm are functionally related? What other genetic elements may interact with a given neurogenic locus? In this paper we describe an approach that has allowed us to address these questions and, hence, the complexity and nature of the genetic network involved in the initial steps of neurogenesis.
The central nervous system in Drosophila is derived from a set of embryonic precursor cells, the neuroblasts, which segregate from an area of the ventral ectodermal cell layer termed the neurogenic region (Poulson 1950; Hartenstein and Campos-Ortega 1984) . Within the neurogenic region, an ectodermal cell can follow either a neural or an epidermal developmental pathway. ExtenThis paper is dedicated in memory of Dr. Donald F. P, oulson who pioneered Drosophila developmental genetics.
sive genetic screens led to the identification of six unlinked, zygotically active loci that affect this dichotomy (Lehmann et al. 1983; ]firgens et al. 1984; Nfisslein-Volhard et al. 1984; Wieschaus et al. 1984) . Null mutations in any one of these loci cause embryonic lethality, and the embryos display a strikingly similar phenotype: a hypertrophy of the nervous system at the expense of epidermal structures. This phenotype suggests that ceils destined to become epidermal precursors change fate and become neuroblasts (Poulson 1937; Lehmann et al. 1983 ). These six zygotic neurogenic loci are Notch (N),
Delta (D1), Enhancer of split [E(spl)], mastermind (mam), big brain (bib), and neuralized (neu).
The genetic and molecular analysis of N, the best characterized among the neurogenic loci so far, suggests that the N protein is involved in a cell interaction mechanism that mediates the differentiation of the embryonic nervous system (Wharton et al. 1985a) . Sequence data revealed that it encodes a 2703-amino-acid transmembrane protein whose extracellular domain shows homology to the mammalian epidermal growth factor [EGF (Wharton et al. 1985a; ]. The structure and the location of the N protein are consistent with a role in mediating information exchange between neighboring cells (Johansen et al. 1989; Kidd et al. 1989) , and embryological studies both in the grasshopper and in Drosophila support such a cell interaction mechanism during early ectodermal development (Doe and Goodman 1985; Technau and Campos-Ortega 1986) . The accumulated genetic and molecular evidence demonstrates that N is not exclusively involved in embryonic development but is also required postembryonically. Many N mutations affect various adult structures, and the protein is expressed in various tissues during development (Welshons 1965; Hartley et al. 1987; Johansen et al. 1989; Kidd et al. 1989; . The correct differentiation of certain adult structures (e.g., retina and bristles) has been shown to require both N function and cell-cell interactions (Shellenbarger and Mohler 1978; Tomlinson and Ready 1987; Cagan and Ready 1989 ; also see review by Held and Bryant 1984) . N seems to play a more general role in development than would have been expected from a gene merely involved in the segregation of neural from epidermal lineages in the embryo; hence, the postulated cell interaction mechanism in which it is involved may function throughout ontogeny (Hartley et al. 1987; Artavanis-Tsakonas 1988; . The concept of regulation of early neurogenesis, as well as postembryonic development by a cell interaction mechanism implies several interacting components. One possible way of identifying these components is to search for genetic units interacting with N.
Genetic analyses have led to the identification of three mutant classes in the N locus. The first class includes the neurogenic N mutations, apparent "null" alleles, which behave as recessive lethals and in heterozygous condition display a haploinsufficient phenotype affecting mainly wing and bristle development (Welshons 1965 (Welshons , 1971 . The second class includes the recessive visible mutations [e.g., the facet (fa), split (spl), and notchoid {nd) alleles], which are associated with eye, bristle, and/or wing abnormalities. The third class of N mutations consists of the dominant Abruptex (Ax) mutations, which exhibit a phenotype of gapped wing veins and bristle abnormalities. The Ax mutations display intriguing genetic behavior. There are two types of Ax alleles: recessive viables and recessive lethals. The viable mutants subdivide into two groups based on their interactions with N alleles. In heteroallelic combinations, one group of Ax mutants suppresses the N wing nicking phenotype and the other enhances it. Among these viable Ax alleles, transheterozygotes within each group are viable, whereas those between groups are lethal, and transheterozygotes of any viable Ax allele with any lethal Ax allele are also lethal, a phenomenon known as negative complementation (Welshons 1971; Foster 1975; Portin 1975) . The molecular analysis of these Ax alleles revealed that they are missense mutations in the extracellular EGF homologous region of the N protein (Hartley et al. 1987; Kelley et al. 1987) . Because transheterozygotes of any viable Ax allele over N deficiencies are viable, the lethality of negative complementation between Ax alleles cannot be explained as the result of the reduction of the amount of the N protein but, rather, as the result of interactions between two types of mutated N proteins.
Notch interactions
The negative complementation between Ax alleles gives us a powerful tool to systematically dissect the genetic circuitry in which N is integrated. Supposing that a particular gene product interacts with N at the protein level, it is conceivable that mutations in that gene may interfere with negatively complementing Ax alleles. We therefore sought to identify suppressors of the lethality conferred to the animal by the negative complementation between two viable Ax alleles: the enhancer type Ax E2 and the suppressor type Ax 9B2. These two mutants are associated with missense changes in the extracellular EGF-like region of the N protein [single missense changes: histidine to tyrosine and aspartic acid to valine, respectively (Hartley et al. 1987; Kelley et al. 1987) ]. This screen should reveal both second site mutations within N and mutations in unlinked loci whose products may interact with the N protein. In this paper we report the results of such a screen, which led to the identification of a surprisingly restricted set of loci. We extended these studies by systematically exploring allele-specific interactions between N and the other zygotic neurogenic genes. Finally, we determined the molecular lesions associated with nd and nd 2 in an attempt to gain insight into the molecular nature of their dramatic interaction with mutations in the mare and E(spl) loci.
Results

The screen for suppressors of negative complementation between Ax mutations of the N locus
The screen carried out to identify suppressors of the lethality of negative complementation between Ax E2 and Ax 9s2 is summarized in Figure 1 . Homozygous Ax E2 sn 3 virgins were mated to ethylnitrosourea (ENU)-treated y w Ax 9B2 males. In the next generation, whereas the Ax E2 sn 3 males develop into adults, the Ax E2 sn3/y w Ax 982 transheterozygous females die as a result of negative complementation unless a dominant mutation capable of rescuing such lethality has been induced in the genome. In this screen, 36 fertile Ax E2 sn3/y w Ax 9B~ transheterozygous females were recovered among 12,946 sibling Ax ~2 sn 3 males.
Because either one of the two Ax alleles is viable over a null N allele, it is not surprising that the subsequent genetic mapping of the isolated suppressors demonstrated that the majority (23) were X-linked. Additional genetic mapping revealed that 21 of them were lethal N alleles, whereas the remaining two were viable mutations, the map positions of which remain to be fully characterized.
Mapping of the autosomal suppressors showed that they fell into two lethal complementation groups, one on the second chromosome and the other on the third. There were four mutations in the first group and nine in the second. Phenotypic analysis raised the possibility that the two groups might be allelic to the neurogenic loci mam and D1, respectively. Supressors on the third chromosome were genetically mapped to the interval in which D1 is located. Indeed all nine suppressor muta- (Lehman et al. 1983) . The severity of the roam zr~s phenotype also suggests that it, too, is an amorphic mutation. Therefore, this result suggests that the simple reduction to one copy of either D1 or mam is capable of suppressing the lethality associated with the negative complementation {Fig. ZA). These observations were extended by examining further aspects of the Ax, DI, and mare interactions. We were particularly interested in whether the suppression of the lethality was specific for these two alleles (i.e., Ax a2 and Ax982). The effects of DI and roam on the negative complementation between combinations of six different Ax alleles were examined (Ax 9B2, the viable, suppressor type; Ax ~2, Ax 71d, and Ax I61z2, the viable enhancer types; and Ax zsc24 and Ax sgd, the two recessive lethal alleles). The results summarized in Figure 2A indicate that roam and D1 mutations were generally capable of suppressing the lethality conferred by all the negatively complementing Ax heteroallelic combinations tested. Thus, the rescue of negative complementation is not specific to the Ax~2/Ax 9B2 combination. However, the effect that the D1 and mam mutants had on the phenotypes of individual Ax alleles in hemizygous males was not the same: Whereas D1 mutations generally suppressed the phenotypes of the viable Ax alleles, but not the lethality of lethal Ax alleles ( Fig. 2B ; Fig.  4C ), mam mutations did not seem to have any effect on the individual Ax phenotypes (Fig. 2B) .
Although neu, bib, and E(spl) mutations were not recovered by the screen, we directly examined their effects on the negative complementation between Ax alleles. The mutations included bib *D°5 from the bib locus and neu Iv6s from the neu locus. Three different types of mutations affecting the E(spl) locus were also tested: (1) the two deficiencies E(spl) RI and l(gro) xl, which involve several chromosome bands and thus affect simultaneously many transcription units in the E(spl) region ; (2) the lethal point mutation E(spI) Eza which, as previously reported, affects the B transducin homologous transcript of the region Preiss et al. 1988) ; and (3) the dominant E(spl) D allele which is known to interact with the N allele split (Welshons 1956 ). As might have been predicted from the results of the screen, none of these mutations was capable of suppressing the negative complementation between Ax E2 and Ax 982. In addition the P[ry+; E8] transposon carrying DNA, which was shown to be capable of rescuing the lethal point mutations in the E(spl) region , was also unable to rescue the AxE2/Ax 9B2 lethality. These data are summarized in Figure 2A . The effects of these mutations on the phenotypes of individual Ax a2 or Ax 982 alleles were also examined. As indicated in Figure 2B , the only mutations that seemed to interact with the individual Ax phenotypes are the E(spl) deficiencies and the E(spl) lethal point mutations. It should be noted that the effect was not the same: the deficiencies caused phenotypic suppression ( Fig. 4D) , whereas the point mutations [E(spl) rz3, E(spl) Eas, and E(spl) EI°7] caused enhancement (Fig. 4H) .
In summary, this analysis shows that the reduction of the wild-type copy number of D1 (and mam)was capable of interfering with the mechanism underlying negative complementation in a manner that was not restricted to specific Ax combinations. Because there was no correlation between suppressing the individual Ax phenotype and rescuing the lethality between them, the simplest hypothesis to explain these results is that the rescue of the negative complementation is not due to the complete suppression of one of the Ax alleles but, rather, is due to an interference with interactions between the mutated N alleles.
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(R) Rescued (viable); (nR) not rescued (lethal). Empty spaces indicate untested combinations (,). P[ry +
;E8] is a transformed line that contains DNA sequences from the transducin homology transcript of the E(spl) locus 
Interactions between the N mutant classes and the zygotic neurogenic loci
Previous intragenic mapping of the various existing N alleles in conjunction with the molecular analysis of the gene has permitted an association of specific mutations with domains of the N molecule (for review, see Artavanis-Tsakonas 1988). The analysis described so far revealed interactions between some of the neurogenic loci and a class of N alleles that affect the extracellular EGFlike domain of the molecule. If some or all of the zygotic neurogenic loci actually code for interacting products, it is conceivable that the interaction profiles of mutants affecting different parts of the N molecule will be different. We have thus examined the phenotypic interactions between specific N alleles and other neurogenic mutations in a manner analogous to that described above for the individual Ax mutations. Figure 3 summarizes the results we obtained when animals were tested in a double-mutant condition, where one copy of the mutant neurogenic gene was combined with a particular N mutation. The top of Figure 3 is a schematic representation of the N gene, with the approximate position, molecular lesion, and phenotypic description of each N mutation examined. In summary, none of the N alleles interacts with either b/b or neu mutations. In contrast, we observe a complex, allele-specific pattern of interactions between several N mutations and the remaining neurogenic loci. Several aspects of the observed interactions warrant comment.
A rather dramatic interaction was observed between the two N alleles nd and nd 2 and the E(spl) point mutation E(spl) E73. These two N alleles map farthest to the 3' end of the locus (Welshons 1971 ; see also Fig. 5 ) and have distinct, but very similar, phenotypes. Both of these mutations in a homozygous or hemizygous form display wing notching and have thickened veins, as indicated in Figure 4E . In addition, nd 2 displays wing vein gaps (data not shown). Animals heterozygous for E(spl) E73 are phenotypically wild type. However, nd animals that were also heterozygous for E(spl) Ez3 (nd/Y; E(spl)E73/+) displayed a severe 100% penetrant wing phenotype shown in Figure 4F . The same synergistic effects were observed with nd 2 animals (data not shown), demonstrating a dramatic interaction between what seems to be a point mutation in the E(spl) transducin homologous transcript and N.
A noteworthy interaction was also observed between nd 2 and another mutation associated with the E(spl) locus, the dominant E(spl) allele. This mutation maps to DI, mam, and E(spl) 
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Cold Spring Harbor Laboratory Press on September 23, 2016 -Published by genesdev.cshlp.org Downloaded from a transcript that is adjacent to the transducin-like transcription unit affected by the point mutations mentioned above Klaembt et al. 1989) . n d 2 flies have a temperature-sensitive rough eye phenotype (Shellenbarger and Mohler 1975) . One copy of the dominant E(spl) allele enhances this n d 2 rough eye phenotype. Moreover, at low temperature (18°C), the rough eye phenotype was affected more severely than at room temperature (data not shown).
Furthermore, the n d and n d 2 alleles interact with both E F 
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Cold Spring Harbor Laboratory Press on September 23, 2016 -Published by genesdev.cshlp.org Downloaded from D1 and mam. An interaction very similar to that seen between the E(spl) lethal point mutation and the two nd alleles was also observed between mare and these mutations. In hemizygous nd males carrying one copy of a mare mutation (nd/Y; mamILnS/+ ), the development of the wing was severely affected (similar to that shown in Fig. 4F ). It should be pointed out that the interaction between nd and E(spl) Ez3 described above was not identical to that seen between nd and mam: The double heterozygotes of nd and E(spl) Ez3 (nd/ + ; E(spl)EZ3/ + ) had and wing phenotype like homo-or hemizygous nd flies, whereas the double heterozygotes of nd and roam (nd/+; mamItns/+) were phenotypically wild type. In contrast, the wing notching of hemizygous nd males with one copy of D1 was actually suppressed, producing an almost wild-type wing (data not shown).
Unlike the enhancing effect mam mutations have on the nd phenotype, an opposite effect is observed with spl. spl is a mutation affecting the extracellular domain of N (Hartley et al. 1987; Kelley et al. 1987) , which causes small rough eyes and duplicated bristles. The eyes of hemizygous spl animals with one copy of a mare mutation (spl/Y; mam/+) were less rough and larger than those carrying the spI mutation alone. At the same time, the spl bristle phenotype was also reduced. Different mare alleles had differing degrees of effects on the spl phenotype, mare ssa and mare ILns caused a clear suppression of both the eye and bristle phenotypes associated with spl, whereas mare ss~° suppressed only very weakly.
These studies also revealed a phenotypic interaction between the point mutant E(spl) '~73 and spl. Both hemizygous and heterozygous spl mutants with one copy of
E(spl) ~73 [spI/Y; E(spl)~73/ + or spl/ +; E(spl)E73/ + ], while
showing an unmodified spl phenotype, also displayed an Ax-like phenotype, namely small gaps in the posterior end of the fifth longitudinal wing vein (Fig. 4B versus G) . Finally, we noted that the rough eye phenotype of fag, a mutant associated with the insertion of a transposable element in an intronic region and, hence, thought to affect N transcription , was not modified by mutations in any one of the other zygotic neurogenic loci.
Molecular lesions associated with nd and nd 2
We determined the molecular lesions associated with nd and nd 2 to gain more insight into the nature of their interactions with mutations in the other neurogenic loci. As already mentioned, intragenic recombination analysis had shown that these two alleles map at the extreme proximal (i.e., 3') end of the locus (Fig. 5) . Thus, both presumably affect the intracellular domain of the N protein.
Sequence analysis of nd 2 genomic DNA revealed the deletion of 1 bp in codon 2690, causing a frameshift that changes the 14 carboxy-terminal amino acids into a new sequence, which is 23 amino acids in length. Similar analysis of the nd mutation, which maps distal (i.e., 5') to nd ~, uncovered two lesions: (1) a 3-bp insertion at the 3' end of the polyglutamine stretch (the opa repeat; Wharton et al. 1985bl which results in the addition of an extra glutamine~ and (2) a missense mutation in the codon of amino acid 2453 {Wharton et al. 1985al, resulting in a threonine to isoleucine change. Because both of these mutations in nd map distally to the ncl 2 lesion, any one or both could cause the mutant phenotype. Further experiments are necessary to distinguish between these possibilities. A summary of these results is depicted in Figure 5 . Also indicated in Figure 5 (A; vertical lines) are the genomic regions that were sequenced in nd and ncl e. In the case of nd, which maps genetically distal to nd 2, the sequence analysis included the genomic sequences from the transmembrane domain to the polyadenylation site. We note that the nd chromosome has an identical 3'-untranslated sequence to the wild type, whereas nd 2 has only a single nucleotide difference in the same region. The intronic regions were also found to be very similar between the different chromosomes. Only 3-bp changes were found in the intron between exon G and H in the ncl chromosome and no changes were found in the nd 2 chromosome. The actual changes are indicated in the legend to Figure 5 .
Discussion
Genetic analyses in Drosophila have suggested that certain basic developmental events are under the control of rather small groups of genes {Nflsslein-Volhard and Wieschaus 1980}. Mutation of any member of a particular group can lead to similar phenotypes, raising the possibility that together, they define a developmental pathway. Following this rationale, the zygotic neurogenic loci, which all result in a similar hypertrophy of the embryonic CNS when mutated, could define a single developmental pathway. Although conventional mutational screens can recover mutations that produce a similar phenotype, they cannot reveal the relationships between these genes. In addition, genes involved in the same developmental process may be recalcitrant to mutational analysis because of functional redundancies. Screens involving simultaneously two or more mutations address both of these issues. In an effort to dissect the genetic circuitry in which N is integrated, we have carried out such a screen, taking advantage of the negative complementation observed between Ax alleles. We expected this to be a general screen for genes whose products may interact with N, so we did not necessarily expect to identify a very limited number of loci. Because no a priori assumptions were made, it is even more surprising that null and hypomorphic alleles of D1 and mare were the only autosomal suppressors identified. This observation, along with the phenotypic analyses of D1 and mare, indicates strongly that N and these two loci are integrated in the same genetic circuitry, possibly through direct protein-protein interactions. In addition to these two neurogenic loci, the screen led to the identification of one novel, X-linked gene that can suppress the Ax-negative complementation. Preliminary results suggest that one of the two X-linked viable suppressors Fig. 3 .) The vertical lines parallel to the genomic representation of N indicate the regions of genomic DNA of the nd and nd 2 chromosomes that were sequenced• Indicated to the right of the protein depiction is the position of the nd 2 mutation, a cytosine deletion that causes a frameshift at amino acid 2690, thereby changing the 14 terminal amino acids into a new 23-amino-acid sequence (5'-Val-Ala-Ile-Arg-Leu-Thr-Arg-Val-Pro-Arg-Pro-Ser-Thr-Phe-Asp-Arg-AspLeu-Asp-Asp-Leu-Val-Cys-3'). The positions of the nd mutational changes, a cytosine to thymine transition, which causes the threonine at amino acid 2453 to change to an isoleucine, and a 3-base insertion (guanidine, cytosine, adenine) resulting in an additional glutamine insertion between amino acids 2564 and 2568 in the opa repeat, are indicated as well. One additional nucleotide change was found in the 3'-untranslated region of the nd 2 allele: C to T at base 9233 (Wharton et al. 1985a) . It is also noted that three additional nucleotide changes between wild-type and nd chromosomes are found in the intron separating exons G and H. Their positions within that intron and the changes are as follows: A to G (16) and T to A (49 and 64) Wharton 1986 ). In addition, five silent nucleotide substitutions were found in the coding region of the ncl chromosome: A to G at base 7233; C to T at bases 7914, 8580, and 8691; G to A at base 8390 (Wharton et al. 1985a) . Cold Spring Harbor Laboratory Press on September 23, 2016 -Published by genesdev.cshlp.org Downloaded from is allelic to the previously identified deltex locus (T. Xu and S. Artavanis-Tsakonas, unpubl.).
Because the lethal phenotype of an animal heterozygous for a negatively interacting Ax allele pair can be suppressed by the complete inactivation of one of the Ax alleles, the question arises whether the underlying cause for the observed suppression is actually the inactivation of one of the Ax alleles by the suppressors. Two lines of evidence suggest that this is unlikely. First, the suppression of the lethal Ax combinations does not seem to be allele-specific. We find that all lethal Ax combinations are rescued by these suppressors. Second, D1 and mare mutants have diverse effects on the phenotypes of individual Ax mutations. D1 alleles generally suppress the Ax phenotype, whereas mare alleles, although they suppress the negative complementation lethality, do not have any effect on the wing phenotype of an individual Ax mutation. Moreover, the E(spl) deletions, which suppress the phenotype of Ax alleles, have no effect on the negative complementation. Because these data argue against the simple inactivation of an Ax allele by the suppressors, a reasonable working hypothesis is that the rescue reflects an interference with the interaction between the Ax mutations per se. For instance, the interaction between two negatively interacting molecules is either eliminated or rendered less severe, resulting in a viable phenotype.
Fuller and her collaborators have carried out elegant screens in Drosophila, demonstrating that mutations in fbtubulin fail to complement mutations in e~-tubulin, two molecules known to form heterodimers (Hays et al. 1989 ). Thus, they showed directly that mutations in separate genes coding for interacting molecules can fail to complement each other. In an analogous fashion, the findings we report here raise the possibility of specific associations between N and D1 as well as N and roam. In this respect, it is particularly interesting that D1 was shown to code for a transmembrane protein with EGF homology (V~issin et al. 1987; Kopczynski et al. 1988 ). If we assume that N protein function depends on both homotypic interactions and interactions between N and D1 or mam molecules, a conceivable way that the reduction of D1 or mare dosage could influence two negatively interacting N molecules is by directly influencing the binding constant between those N molecules. This could be attained, for example by reducing the concentration of one of the members in a particular molecular assembly.
The D1 and mare mutations recovered from the screen have not yet been fully examined. It should be mentioned that because we have used ENU as the mutagen, we expect many, if not all, of the suppressors isolated in this screen to involve point mutations (Batzer et al. 1988) . Preliminary examination of some of the D1 alleles suggests the existence of hypomorphic mutations in this group (M.A.T. Muskavitch, pets. comm.) . Although these mutations have apparently not lost all function, they behave as deletions in terms of rescuing negative complementation. It will be particularly interesting to analyze suppressors that are hypomorphic DI and mare point mutations because such lesions may point to domains important for protein-protein interactions.
As expected, most of the suppressors that we isolated mapped to the N locus. We are currently analyzing these lethal N alleles to establish the nature of the molecular lesion and the exact phenotypes associated with them. A nonsense mutation in N that results in a completely nonfunctional product would be identified in our screen as a suppressor, because the Ax alleles that we examined are viable over a N deficiency. Suppressors involving second-site missense mutations in the N protein will be of special value for studying structure/function relationships in the N locus. An initial phenotypic characterization of these new N alleles suggests that they can be classified into different mutant categories according to their embryonic and adult phenotypes. Correlating such classification with specific molecular lesions can be of obvious importance.
Previous work has revealed the existence of interactions between N and E(spl) as well as E(spl) and D1 (Welshons 1956; V~issin et al. 1985; Shepard et al. 1989}. de la Concha et al. (1988 compared the severity of discrete neurogenic mutations in the presence and absence of large chromosomal duplications carrying an extra copy of a different neurogenic locus. They interpret the results of their studies to suggest directed functional relationships between all of the neurogenic loci except bib. In the present studies, both the results of the genetic screen and the phenotypic examination of specific double mutant combinations suggest functional relationships between N, DI, mare, and E(spl) . According to the criteria used in the present analysis, which are different and less constrained than those used in previous studies, we detect a complex, allele-specific pattern of interactions between N and the three neurogenic loci D1, mare, and E(spl) but do not detect interactions between any N allele and either bib or neu.
In addition to the interaction between the An alleles and the lethal point mutations of the E(spl) region, which affect the transducin homologous transcript, a dramatic synergistic effect was observed between the point mutation E(spl) v'73 and two missense mutations, nd and nd 2, which were shown to affect the intracellular portion of the N protein. This observation invites the speculation that specific molecular interactions exist between the intracellular domain of the N protein and the transducin homologous gene product of the E(spl) region. Similarly, nd and nd 2 interact with mare, whose molecular nature is not yet known. When considering the specificity of such interactions, it should be kept in mind that nd was recently reported to interact with both scabrous and vestigial (Rabinow and Birchler 19901 . The phenotypic result of these interactions is reminiscent of that seen between nd and E(spl) or marn.
An important consequence of the clear synergistic phenotypes seen with the nd alleles is that they will allow us to expand the basic approach that we have followed here in searching for interacting elements. Namely, one can now search for interactions between three, rather than two, genetic loci. That is, using a double mutant combination of an interacting genetic pair, one can attempt to identify additional elements that alter the double mutant phenotype. We believe that this is an important extension of the present work, which will be potentially very informative (D. Hartley, in prep.) .
In summary, the results of the screen and the subsequent analyses revealed specific relationships between N and D1, rnam, and E(spl) , which suggests that they may be functionally related at the protein level. In fact, our preliminary biochemical analyses indicate that the N and D1 proteins may be directly associated with each other (R. Fehon, J. Kooh, I. Rebay, C.L. Regan, T. Xu, M.A.T. Muskavitch, and S. Artavanis-Tsakonas, unpubl.). Given the results of the present analysis, this is not surprising nor would it be surprising to find that in addition to D1, the N protein may interact with the products of roam as well as with the transducin-like product of E(spl).
Materials and methods
Mutagenesis
A total of 2,100 Ax re sn ~ virgins were mated to 900 ENUtreated (Sigma) y w Ax 9te males using a modification of a protocol described by Lipshitz (1975) . All of the parental males were removed from the bottles after having mated for 4 days. Thirty-six fertile heterozygous females were collected from among 12,946 Ax ~e sn ~ sibling males. Individual lines were established from each female. Twenty-three suppressors were mapped to the X chromosome. Twenty-one of them were recessive lethals and because their lethalities were rescuable by a transformant that contains N DNA sequences (Ramos et al. 1989) , we concluded that they are N alleles. Four recessive lethal suppressors that have been mapped to the second chromosome behaved as rnam alleles because they failed to complement each other and also failed to complement mam zL11s. They were named mam, s8"~, mam ss-~o, mam ss-~l, and mare ss-aa. The nine remaining suppressors represented one recessive lethal complementation group on the third chromosome, and all of them showed a dominant Dl-like wing phenotype. The ability to suppress negative complementation, as well as the dominant wing phenotype of one of the third chromosomal suppressors, was mapped between stripe and ebony" using the rucuca chromosome. Given that all nine suppressors failed to complement D1 mutations [DI 9Pa9 and D[(3R) DISX6], we concluded that they were D1 alleles. They were consequently named D1 ss"~6, D1 ssaz, . An additional D1 allele (D1 ssag) was recovered as a phenotypically singed non-Ax F1 male from the genetic screen.
Strains and crosses
Stocks were maintained and crosses were performed on a standard commeal/molasses/yeast/agar medium containing 0.2% propionic acid, or Tegosept, as mold inhibitors. All cultures were maintained at 25°C, unless specific temperatures were mentioned. Genetic markers and strains not specifically mentioned are found in Lindsley and Grell (1968) or in Lindsley and Zimm (1985) . Ax 9~ was previously reported as female-sterile. We have found that the sterile phenotype is due to another mutation on the same chromosome. Homozygous Ax 9B~ are fully fertile after recombining off the female sterile mutation.
The strains and crosses for the data in Figure 2 are given below.
The crosses involving D1 mutations were: 
DNA isolation and sequencing
Genomic libraries of SacI-digested or SacI-and XhoI-digested DNA from w ~ nd or nd 2 homozygous adult flies were cloned in the SacI or SacI and XhoI sites of k ZAP (Stratagene Cloning Systems) and screened with a2p-labeled N probes (Maniatis et al. 1982) to isolate mutant DNA. Bluescript SK plasmids were released from k ZAP by superinfecting with M13 helper phage. Double-stranded DNAs from these clones were primed with synthetic primers derived from wild-type sequences or the M13 universal primer and sequenced by the dideoxynucleotide chain-termination procedure (Sanger et al. 1977; Toneguzzo et al. 1988 ) using Sequenase (U.S. Biochemical). In most cases, only the sense strand was sequenced.
